We present an experimental explanation of the sidelobe amplitude increase generally observed in LiNbO 3 polarization converter-based wavelength filters. We propose a simple improved LiNbO 3 process to avoid this problem and show experimental results that confirm our hypothesis.
Introduction
Wavelength division multiplexed networks require spectral filters with a high selectivity and that can be tuned electrically over a broad spectral range. One of the possible solutions that have been studied recently relies on LiNbO 3 integrated polarization converters used as tunable spectral filters with a potential linewidth of 1 nm. The transmittance of such filters is well known 1) and features a 100% central lobe, surrounded by periodic sidelobes whose amplitude decreases symmetrically with respect to the center lobe. The level of the first sidelobes is theoretically about −9 dB below the maximum transmittance of the filter. However, experimental filters generally exhibit an asymmetric apodization of the sidelobes 2) and the first sidelobe level may be as high as −5 dB, preventing practical use of the device.
3) This effect was modeled using the Jones formalism in acousto-optic filters 4, 5) as well as in electro-optic ones, 6) as the consequence of a monotonous increase of the birefringence from the waveguide ends toward the center of the device. The sidelobe level is shown to be proportional to the filter length and to the amplitude of the birefringence deviation. 7) A 23 mm-long device operating at 1.55 µm wavelength with a 1 nm full width at half maximum (FWHM) exhibits a sidelobe level as high as −3 dB for a birefringence increase of 18×10 −5 between its center and each of its ends (Fig. 1) . Few valid considerations that could explain this monotonous birefringence increase between the device ends and its center have been presented up to the present. In acousto-optic devices, early explanations attributed birefringence variations to a temperature gradient induced by acoustic wave absorption. 4) However later experiments showed that this effect also exists for low driving power, 5) pointing out that temperature was not the only reason for the sidelobe asymmetry. Electro-optical filters also present a similar behavior. 6) Though the sidelobe increase usually affects the low wavelength side of the filter transmittance 4, [6] [7] [8] it does sometimes modify the high wavelength side.
2) Sometimes this effect is not observed at all. This anomalous behavior calls for a deeper understanding of its source. We propose in this letter an explanation of the origins of the birefringence deviation in a filter and establish its magnitude from numerical simulations and measurements. Next we describe how the lithium niobate process can be improved to cancel this effect. Finally we show the evolution of the filter transmittance obtained with and without the improved process and discuss literature results. first computed using the effective index method 13) the birefringence of a LiNbO 3 singlemode waveguide for different values of the waveguide width around 8 µm, taking a titanium thickness of 800Å and a diffusion depth of 3.5 µm. The deviation rate of the birefringence for variations around the nominal value of 8 µm was found to be −41 × 10 −5 /µm. Thus, the 18 × 10 −5 local birefringence decrease in the waveguide used in the previous example may be attributed to an increase of 0.5 µm of the waveguide width between the center and the ends of the substrate.
In order to find out the reason of such a width variation of the titanium stripe, we measured with an optical profilometer
Even Birefringence Gradient Induced by the Process
The large dispersion in the sidelobe behavior observed experimentally in LiNbO 3 filters suggests its origin be in the technological process rather than in a hidden fundamental cause neglected by models. It has already been pointed out 4, 7) that the birefringence gradient is likely to be induced by variations of the waveguide width or of the diffusion depth. Considering the standard LiNbO 3 technology, 9, 12) it appears that the main birefringence gradients are likely to stem from an irregular patterning of the titanium stripe. The other process parameters, e.g. the temperature during diffusion or the thickness of the titanium layer, are likely to remain constant over the waveguide length which is typically of 3 cm for a LiNbO 3 filter with a 1 nm linewidth. To check this assumption, we Jpn. J. Appl. Phys. Vol. 37 (1998) Pt. 2, No. 8B F. CHOLLET and J.-P. GOEDGEBUER the variation of the thickness of a photo-resist spin-coated on a 55 mm-long substrate. The typical profile is illustrated with a solid line in Fig. 2 . Similar results were obtained with a large range of speed and with various resist viscosities. With photo-resists exhibiting a low viscosity i.e., with thickness smaller than the wavelength, this irregular thickness distribution can be directly observed using Newton's achromatic fringes in white light. The reason is due to the usual way LiNbO 3 crystals are prepared before titanium deposition and waveguide patterning. Instead of processing a whole round wafer as commonly used in microelectronics, niobate samples are usually cut out from the wafer before processing. Actually LiNbO 3 is a very brittle material and sawing sample after (instead of before) diffusion of titanium could cause cracks to appear in the region where stresses are the highest i.e., in the in-diffused waveguide. Thus the rectangular shape of a LiNbO 3 substrate induces side effects when the resist is spincoated. 10) The laminar spin coating is replaced by an airflow regime, flushing resist to an irregular, but quasi-symmetrical (with respect to the center of the substrate), thickness profile along the length of the substrate. During the UV insulation, as the full sample surface receives the same power density, thinner parts are over-insulated, while thicker ones may be under-insulated.
11) Later processing and titanium etching convert the symmetrical resist profile into a similar variation of the titanium stripe width along the crystal. For 70 mm-long crystals and thin photo-resist we measured a width deviation up to 1 µm between the ends and the center of the sample. It seems that thicker photo-resists (less viscous) improve uniformity because the relative thickness variations are less important in this case but such photo-resists are plagued by their low spatial resolution. However in every case the width deviation measured along the titanium stripe was above 0.5 µm. Thus, in order to prevent this behavior we used a spinner head with a thick rubber structure and a cover as shown in Fig. 3 , to shield the sample from the air flow coming from all the directions and to allow a better laminar flow of resist during spin-coating. The plastic cover placed over the substrate also prevents the solvent to evaporate too rapidly insuring better flow of the polymer. With this simple device we obtained a thickness uniformity that was below the accuracy of our optical profilometer (±100 nm). The typical resist profile is shown with dashed line in Fig. 2 . In order to decrease further the impact of the irregular resist profile at the sample ends, we also used samples longer by 1 cm than required. They were then reduced to their final length by a polishing process. In these conditions, in a 55 mm-range around the center of the substrate, we could no more observe the systematic deviation of width along the titanium stripe. According to the precision of our line measurement device this means that the average linewidth deviation was reduced to below 0.2 µm. Figure 4 presents experimental results showing the filter transmittance improvement obtained with 25 mm-long devices when using the shielded spin-coating process. The waveguide nominal width was 8 µm and it was patterned in an 800Å-thick titanium layer deposited by e-beam evaporation. Titanium diffusion was carried out during 8 hours at 1020
• C in a water rich flowing O 2 atmosphere. Evaporated Al electrodes were then deposited on an 180 nm thick SiO 2 buffer layer. The period of the grating electrodes used for mode conversion was 21.2 µm, yielding a central lobe around the wavelength of 1.55 µm. We observe a significant improvement in the level of the sidelobes while the FWHM is almost unaffected. Comparison with the theoretical results in Fig. 1 is very good and confirm the almost complete suppression of the birefringence deviation in the filter fabricated with the improved process. Moreover this comparison shows that the magnitude of the birefringence deviation induced by the standard process is about 18×10 −5 and can be fully attributed to the observed 0.5 µm average increase of the titanium stripe width between the center and the two ends of the filter. The larger shift of the central wavelength observed experimentally may be attributed to slight difference in the diffusion condition of the two filters.
7)

Conclusion
We proposed an explanation for the increase of the sidelobe level observed for short wavelengths. 5, 8) In the case of filters in which the increase in the sidelobe level is observed for long wavelengths, 2) the waveguides are patterned using lift-off, while our discussion stands for standard photolithography. In the case of lift-off, the irregular resist profile narrows the waveguide at each ends of the sample. This can be described as a monotonous decrease of the birefringence from the waveguide ends to the center instead of an increase as discussed here. Simulations confirm that this dependence induces sidelobe with a high transmittance for long wavelengths. We reported the influence of the photo-resist profile on the transmitted power-spectrum of polarization converterbased wavelength filters. A significant decrease of the sidelobe asymmetry was obtained with a modification of the spincoating process. This improvement has been a major step in the ability of our laboratory to fabricate a narrow wavelength filter used in a tunable fiber laser.
14) It should be noted that fabricating the filter on round crystal wafer would greatly reduce the effects observed in this paper. However the presence of square crystal wafers in manufacturer catalogue 15) shows that the need for prototypes and for small series is still important, whose yield may be greatly improved by following the simple technique described here.
